test photon created by the detection of the corroborative photon, the presence of entanglement must be verified (16, 21) . Note that several recent works did not do this; therefore, the presence of a QBS has not been proven unambiguously (22, 23) . In our realization, entanglement is proven by performing the same experiment as before, but using the complementary analysis basis, namely the diagonal basis {D, A}. Now, the initial quantum state is rotated by 45°-i.e., 1 
A Þjvac〉-where D and A symbolize diagonally and antidiagonally polarized photon contributions, respectively. In this configuration, every single photon is unpredictably subjected to a closed or open Mach-Zehnder configuration by the PDBS. In this case, as opposed to the experiment in the {H, V} basis, if a statistical mixture was analyzed instead of an entangled state, no correlations should be observed when measuring I H,b (q,a). However, the strong correlations shown in Fig. 4C exclude a statistical mixture and are in good agreement with the theoretical predictions of Eq. 6. This emphasizes that wave and particle behavior coexist simultaneously for the entire range 0°< a < 90°in the {H, V} basis and for -45°< a < 45°in the {D, A} basis. Figure 4D shows the measurements for V 2 , D 2 , and V 2 + D 2 as a function of a and confirms the upper limits imposed by Eq. 7. The quality of the entangled state is measured via the Bell parameter S, which is deduced from the phase oscillation visibilities at a = 90°in the {H, V} basis and a = 45°in the {D, A} basis. We obtain S = 2.77 T 0.07, which is very close to the optimal value of 2 ffiffi ffi 2 p attained with maximally entangled states and is 11 standard deviations above the classical/quantum boundary S = 2 (16, 21) .
The detection loophole remains open in our experiment, because some of the initial entangled photons are lost during their propagation in the fiber or bulk channels or are not detected by the single-photon detectors that show nonunit quantum detection efficiencies (24) . Therefore, we make the reasonable assumption that the detected photons represent a faithful sample (17) .
In conclusion, we have carried out a quantum delayed-choice experiment, enabled by polarizationentangled photons and the associated property of nonlocality. We used an MZI in which the output beam splitter has been replaced by its quantum analog (i.e., a beam splitter in a coherent superposition of being present and absent). In this configuration, we observed that single photons can behave as waves and as particles in the same experiment, meaning that the simple view of photons being either waves or particles is refuted. We experimentally excluded interpretations based on local hidden variables and/or information exchange between the photon and the quantum beam splitter. The state of the quantum beam splitter is determined by the detection of the corroborative photon. We have, therefore, demonstrated delayed interference between wave and particle behavior, which underlines the subtleness of Bohr's complementarity principle.
We note that, parallel to this work, Peruzzo et al. realized another version of a quantum delayedchoice experiment based on entangled photons (25) .
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Quantum Entanglement of High Angular Momenta
Robert Fickler, 1,2 * Radek Lapkiewicz, 1, 2 William N. Plick, 1,2 Mario Krenn, 1,2 Christoph Schaeff, 1,2 Sven Ramelow, 1,2 Anton Zeilinger 1,2,3 * Single photons with helical phase structures may carry a quantized amount of orbital angular momentum (OAM), and their entanglement is important for quantum information science and fundamental tests of quantum theory. Because there is no theoretical upper limit on how many quanta of OAM a single photon can carry, it is possible to create entanglement between two particles with an arbitrarily high difference in quantum number. By transferring polarization entanglement to OAM with an interferometric scheme, we generate and verify entanglement between two photons differing by 600 in quantum number. The only restrictive factors toward higher numbers are current technical limitations. We also experimentally demonstrate that the entanglement of very high OAM can improve the sensitivity of angular resolution in remote sensing. Q uantum entanglement-the nonclassical phenomenon of joint measurements of at least two separate systems showing stronger correlations than classically ex-plainable (1, 2)-is widely considered one of the quintessential features of quantum theory. Since its discovery and first experimental demonstration (3), photon entanglement has been shown in various degrees of freedom (4-7). In the field of photonic quantum optics, studies of the orbital angular momentum (OAM) of light have been productive. The natural solutions of the paraxial wave equation in cylindrical coordinates, Laguerre-Gauss modes, have a helical phase dependence that leads to a vortex or phase singularity and thus zero intensity along the beam axis. These Laguerre-Gauss modes carry an OAM that can take any integer value (8) . Entanglement of OAM of photons (5) has led to many novel insights and applications in quantum foundations and quantum information-for example, qutrit quantum com- munication protocols (9), uncertainty relations with angular position and OAM (10), or higherdimensional entanglement (11) (12) (13) .
An important motivation for our work is the open question of the existence of macroscopic entanglement, which is intricately connected to the very definition of "macroscopicity" (14) . The OAM degree of freedom offers the possibility to create entanglement of quantum numbers in principle up to arbitrarily high values. In optomechanical experiments, which already make use of linear momentum (15) , such photons can be used to create entanglement of a mechanical system with high angular momentum. Also, relative to classical methods, quantum remote sensing offers an improved angular resolution that is amplified by large OAM values (16) .
Because of the rapidly decreasing efficiency of the downconversion process for the direct gen-eration of entanglement of higher OAM (17, 18) , we use a different approach similar to the ideas in (7, (19) (20) (21) . We start with high-fidelity twodimensional entanglement in the polarization degrees of freedom and transfer it to various OAM subspaces with chosen amounts of angular momentum ( Fig. 1) . The polarization-entangled photon pairs propagating in single-mode fibers enter the transfer setups in the two-photon state described by the tensor product of two degrees of freedom (polarization and OAM):
where a, b, and ϕ are real and normalized (a 2 + b 2 = 1), H and V denote horizontal and vertical polarization, 0 indicates the amount of OAM per photon (Gauss mode), and the positions of the ket vectors, which describe the quantum mechanical states of the photon, label the different photons. The transfer is realized with a folded interferometric structure that is intrinsically phasestable and has by design equal arm lengths. Depending on their polarization, the photons are transferred to a well-defined Laguerre-Gauss mode by a spatial light modulator (SLM), which modulates the phase of the light (22) . The SLM is programmed such that photons that take the path for horizontally polarized light are changed to +l after leaving the interferometer, and those that take the path for vertically polarized light are changed to -l after leaving the interferometer. Finally, a polarizer projects the photons onto the diagonal polarization (D), erasing any information about path and creating the state
Our method does not rely on phase matching, as in the generation of OAM entanglement via spontaneous parametric downconversion (SPDC), but instead benefits from the efficient and highquality polarization entanglement. The resulting states can be entangled in any two-dimensional subspace of the infinite-dimensional OAM space or even in the general space of all spatial modes that can be generated with SLMs (23) (24) (25) .
To realize projective measurements onto high-OAM superposition states in order to demonstrate entanglement, we use a technique that takes advantage of the specific spatial structure of the created photonic states (Fig. 2) . Any equal Laguerre-Gauss superposition, jc〉 ¼ 2 −1=2 ½jl〉 þ expðiϕÞj−l〉, has an intensity distribution showing a radially symmetric structure with 2l maxima arranged in a ring (Fig. 2, B to D). Because the angular position g = (ϕ/2l)·(360°/2p) of this petal structure is determined by the phase ϕ, a mask with 2l slits maximally transmits only a specific superposition. By rotating the mask, all possible superpositions with equal amplitude are accessible. For analysis of the created state and demonstration of entanglement, one mask is installed after each transfer setup Polarization entanglement is created in a parametric downconversion process (source) and afterward transferred to modes with high quanta of OAM (transfer setups, shown as blue boxes). (A) Experimental layout for one of the two identical transfer setups where the photon is split by a polarization beam splitter (PBS) and its spatial mode is transformed to a higherorder Laguerre-Gauss mode by a spatial light modulator (SLM). Half-wave plates (HWP) in the paths ensure that the SLM works optimally and that the output is separated from the input. A polarizer (blue) projects the photon to diagonal polarization and completes the transfer. (B to D) Three-phase pattern of increasing complexity of the structure: l = 10 (B), l = 100 (C), and l = 300 (D). Because the SLM has finite resolution, a Moiré pattern emerges. Fig. 2 . Sketch of the measurement principle. (A) The angular position of the radial superposition structure (red) is dependent on the phase ϕ of the state, here jc〉 = j10〉 + exp(iϕ)j−10〉. A mask with the same rotational symmetry (20 slits) is able to detect any superposition depending on the mask's angular position g. (B to D) Three superpositions (false colors denote intensity gradations) for l = T10 (B), l = T100 (C), and a section of the mode for l = T300 (D), experimentally created with a laser imaged by a charge-coupled device camera. Additional structures around and inside of the main intensity pattern (higher-order Laguerre-Gauss modes with the same OAM and unmodulated photons, respectively) arise from the imperfect creation of the modes at the SLM but will be blocked by the slit mask. For l = T300, only the section of the mode shown here was used in the measurements, because of the noise from diffraction at the SLM housing and distorted modulation due to the limitations of the finite resolution.
www.sciencemag.org SCIENCE VOL 338 2 NOVEMBER 2012 and the coincidence of two transmitted photons for different combinations of g is measured.
In our experiment, polarization-entangled photon pairs (uncorrected average visibility 97.99 T 0.03%) at 810 nm were created using a type II nonlinear crystal in a Sagnac-type configuration (26, 27) . The SLM in the transfer setup is programmed such that the reflected photons acquire l multiples of 2p azimuthal phase (l quanta of OAM), which leads to complex patterns when OAM is large (Fig. 1, B to D) . Therefore, we used a high-resolution SLM (1920 × 1080, full HD; Holoeye Photonics AG, Berlin) with small pixel size (8 mm). Nonetheless, for values of l ≥ 300 we observed a clear reduction of mode transformation efficiency, which is the main limiting factor (22) . This is only a technical limitation that can be overcome by higher-resolution SLMs or novel techniques for creating photons with higher l values (28) . After the transfer setups, the modes are enlarged to fit the masks (laser-cut black cardboard) and transmitted photons are focused to bucket detectors.
As a demonstration of the flexibility of our setup, we created two-dimensional spatial mode entanglement with highly asymmetric OAM states, in which one photon is transferred to l = T10 and the second photon to l = T100 (Fig. 3A) . Because of its intrinsic conservation of angular momentum, the SPDC process could not create this asymmetric state directly. We then transferred both photons to l = T100, showing the ability to create OAM modes with very high difference in quantum number (Fig. 3B) . The highest value of OAM per single photon where strong correlations were still measurable was l = T300 for both photons (Fig. 3C) . The decrease in mode transformation efficiency of the SLM, however, strongly affects the coincidence rate (about 1 coincidence count per minute in the maximum) and therefore the statistical significance of our results.
To demonstrate successful transfer, we constructed an entanglement witness [similar to (29) ], which verifies entanglement if the sum of two visibilities in two mutually unbiased bases is above the classical bound of (2 1/2 + 1)/2 ≈ 1.21 (22, 29) . The data for the visibilities were taken in addition to the fringe measurements (apart from l = T300) with longer integration. For the asymmetric OAM state l = T10/T100, we achieved a witness value of 1.48 T 0.01. When both photons were transferred to l = T100, the witness value was 1.55 T 0.01. Both values were calculated without any correction of the data and violate the classical limit by~30 standard deviations, demonstrating the successful entanglement transfer. Because of the significantly smaller creation and detection efficiencies (hence a lower pair detection rate) for l = T300, we corrected for accidental coincidence counts (22) , yielding a value of 1.6 T 0.3 for our entanglement witness. With a statistical significance of more than 80%, we thus violate the bound for separable states with photons that each carry l = T300 quanta of OAM. Normalized coincidence count rates where one photon is projected on diagonal polarization, and the second photon is either kept polarization-encoded while the polarizer is rotated (green triangles) or transferred to l = T10ℏ (blue diamonds), to l = T100ℏ (red squares), or to l = T300ℏ (black circles) while the appropriate mask is rotated. The errors are estimated assuming Poissonian count statistics. (B) From the steepest part of the fringes (0°), it is possible to calculate the corresponding angular sensitivity limited by statistical fluctuations for different numbers of detected pairs. The dashed lines are the theoretically expected sensitivities (assuming 100% visibility and Poissonian fluctuation) and the points are the measured values. To illustrate the enhancement for 100 detected pairs, we measured the angular position of the randomly rotated mask by correcting the change in the coincidence counts with a rotation of the remote polarizer. The right panel shows histograms of 20 different random angles that were measured for each arrangement. For l = T300ℏ, the limit of our high-precision rotation stage (T0.016°) was determined with the polarizer in a low-precision mount (T1°). To reach the same precision without OAM-induced angular resolution enhancement, about 3.3 million detected pairs would have been necessary.
To further corroborate this successful entanglement creation, we transferred only one photon to l = T300 and measured the other photon in the polarization bases. The measured witness value was 1.628 T 0.004. Therefore, our results demonstrate that single photons can carry 300ħ of OAM (where ħ is Planck's constant divided by 2p) and that entanglement between two photons differing by 600 in quantum number can be achieved. Even in classical optics, the highest value of OAM that had been created with an SLM was l = 200 (30) .
Apart from the fundamental interest of entangling high quantum numbers, we also demonstrate the use of high-OAM entanglement for remote sensing. For this we use the same method as before for creating high-OAM entangled states (folded interferometric scheme including SLM) and analyzing them (slit wheel method). When we transfer one photon to high OAM values and keep the other in its polarization state, the pair can be used to remotely measure an angular rotation with a precision that is increased by a factor l relative to the situation when only polarization-entangled photon pairs are used ( Fig. 4) (22) . This can lead to notable improvements for applications in the field of remote sensing, especially where low light intensities are required, such as in biological imaging experiments with light-sensitive material. An analogous improvement can be achieved classically if diagonally or circularly polarized light enters our transfer setup. However, the important difference is that entanglement enables the measurements to be done remotely, with the photons being spatially separated or even in unknown locations at some later time.
Our approach could be generalized to higherdimensional entanglement for spatial modesfor example, by starting with higher-dimensional (hybrid) entanglement and a more complex interferometric scheme. Such a development would have potential benefits in applications such as quantum cryptography, quantum computation, and quantum metrology. The energy costs associated with separating tightly bound excitons (photoinduced electron-hole pairs) and extracting free charges from highly disordered low-mobility networks represent fundamental losses for many low-cost photovoltaic technologies. We report a low-cost, solution-processable solar cell, based on a highly crystalline perovskite absorber with intense visible to near-infrared absorptivity, that has a power conversion efficiency of 10.9% in a single-junction device under simulated full sunlight. This "meso-superstructured solar cell" exhibits exceptionally few fundamental energy losses; it can generate open-circuit photovoltages of more than 1.1 volts, despite the relatively narrow absorber band gap of 1.55 electron volts. The functionality arises from the use of mesoporous alumina as an inert scaffold that structures the absorber and forces electrons to reside in and be transported through the perovskite.
A n efficient solar cell must absorb over a broad spectral range, from visible to nearinfrared (near-IR) wavelengths (350 tõ 950 nm), and convert the incident light effectively into charges. The charges must be collected at a high voltage with suitable current in order to do useful work (1) (2) (3) (4) (5) (6) (7) (8) . A simple measure of solar cell effectiveness at generating voltage is the difference in energy between the optical band gap of the absorber and the open-circuit voltage (V oc ) generated by the solar cell under simulated air mass (AM) 1.5 solar illumination of 100 mW cm −2 (9) . For instance, gallium arsenide (GaAs) solar cells exhibit V oc of 1.11 V and an optical band gap of 1.4 eV, giving a difference of~0.29 eV (2). For dye-sensitized and organic solar cells, this difference is usually on the order of 0.7 to 0.8 eV (2, 9) . For organic solar cells, such losses are predominantly caused by their low dielectric constants. Tightly bound excitons form, which require a heterojunction with an electron acceptor with a large energy offset to enable ionization and charge separation (10, 11) . Likewise, dye-sensitized solar cells (DSSCs) have losses, both from electron transfer from the dye (or absorber) into the TiO 2 , which requires a certain "driving force," and from dye regeneration from 
